Abstract The irradiation damage in nickel-base alloy C-276 irradiated with 115 keV Ar ions from low to very high doses was investigated. Structural characterization was performed using transmission electron microscopy (TEM), grazing incident X-ray diffraction (GIXRD) and atomic force microscopy (AFM). High density of interstitial type dislocation loops could be observed at a dose level of around 2.75 displacements per atom (dpa). With the irradiation dose increased to 27.5 dpa, the average size of loops increased from 5 nm to 16 nm, while the density of the loops decreased from 1.4 × 10 11 /cm 2 to 4.6 × 10 10 /cm 2 . When the irradiation dose reached 82.5 dpa, original grains were transformed into subgrains whose sizes observed from TEM were about 20∼60 nm. The fragmentation of grains was confirmed by GIXRD. The mean subgrain size was 40 nm, which was obtained from the full width at half maximum (FWHM) of the X-ray diffraction lines using the Scherrer formula and Williamson formula. AFM micrographs showed that nanometer-sized hillocks formed at the dose of 82.5 dpa, which provided further evidence of grain fragmentation at a high irradiation dose.
Introduction
In recent years, super-critical water reactors (SCWRs) have attracted increasing attention because of their high thermal efficiency and simple design without steam generators and steam separators [1∼5] . One major challenge in the design and operation of SCWRs is the core materials, especially fuel cladding materials [6∼8] . Operating above the thermodynamic critical point of water (22.1 MPa, 374.3 • C), the super-critical water is a very aggressive oxidizing environment, in which the core materials are required to have high resistance to both corrosion and irradiation as well as high strength at elevated temperatures [8] . Among potential candidate structural materials, nickel-base alloys are very promising due to their well-known advantages such as high strength and corrosion-resistance at high temperatures.
Nickel-base alloy C-276 is a high strength corrosionresistant and heat-resistant alloy with a high content of Cr and Mo, and has been widely used as pressure vessel steel at high temperatures [9] . Recently, its potential use in SCWRs was investigated and its corrosion behavior in super-critical water was reported [10] . However, the investigation concerned with its irradiation performance is either limited or non-existent. In this study, irradiation damage in C-276 alloy at low to very high irradiation doses was induced by ion irradiations, and the irradiation-induced micro-structural evolution of the materials was investigated.
Experimental details
Nickel-base alloy C-276 used in this study was obtained from the Hayness International Cooperation, and the nominal chemical composition of the material is shown in Table 1 . The plate-like alloy was cut into specimens with a size of 20 mm×10 mm×1 mm and then mechanically polished by silicon carbide paper of grades 800∼2000 and 1 µm diamond spray until a mirror-like surface appeared. Finally the polished bulk specimens were cleaned with acetone and ultrasonically rinsed in de-ionized water for 5 min. Disks of a 3 mm diameter were punched out from a 0.1 mm thick sample which was prepared from a thick plate by linear cutting and milling to its final thickness. Final specimens used for transmission electron microscope (TEM) observation were prepared by conventional jet electro-polishing methods [11, 12] , using 10% HClO 4 and 90% CH 3 COOH polishing solution at the room temperature. The bulk specimens with dimensions of 20 mm×10 mm×1 mm and the TEM specimens were irradiated with 115 keV Ar ions at room temperature in an ion implanter and the ion current density was approximately 1 µA/cm 2 . The irradiation dose of the specimens were 1 × 10 15 ions/cm 2 , 1 × 10 16 ions/cm 2 and 3 × 10 16 ions/cm 2 , corresponding to the maximum damage dose of 2.75 dpa, 27.5 dpa, 82.5 dpa, respectively. The damage profile was calculated with the software SRIM 2006 [13] , as shown in Fig. 1 , where E d =40 eV is the displacement energy [14∼16] . The irradiation damage distribution (depth) is about 120 nm. The structure of this damaged region in the irradiated specimens was determined by grazing incident X-ray diffraction (GIXRD, Bede D1) at a grazing angle of ϕ = 0.9
• with a Cu Kα radiation source (the wavelength λ=0.15406 nm). The surface morphologies were investigated by atomic force microscopy (AFM) and the microstructure observations were conducted with a JEM-2010HT TEM operated at 200 kV. 3 Results and discussion
TEM analyses
Typical microstructural evolution in C-276 alloy irradiated at a dose from 0 dpa to 82.5 dpa is shown in Fig. 2 . From the bright-field contrast TEM image as shown in Fig. 2(a) , there was almost no defect in the unirradiated specimen, indicating that the unirradiated specimen was almost defect-free. However, interstitial type dislocation loops could be observed, as in Fig. 2(b) , at a dose level of around 2.75 dpa, and the density of dislocation loops was 1.4 × 10 11 /cm 2 . With the irradiation dose increased to 27.5 dpa, the density of the loops decreased to 4.6 × 10 10 /cm 2 , while the average size of the loops increased from 5 nm to 16 nm (Fig. 2(c) ). Since dislocation loops could pin dislocations and hence impede its movements, resulting in the increasing of the stress yield, which is called radiation-induced hardness, the increase of dislocation loops would lead to the hardening of the material, i.e., the hardness of the C-276 alloy would increase after low dose irradiation. When the irradiation dose increased up to 82.5 dpa, original grains in all observed area were replaced by smaller mosaics (Fig. 2(d) ) with the size of about 20∼60 nm. Selected-area electron diffraction (SAED) patterns of the observed area were regular diffraction rings, as shown in Fig. 2(d) , and sharp diffraction spots ( Fig. 2(a)∼(c) ) vanished, demonstrating that these mosaics were polycrystals (sub-grains) with various orientations. ZHANG et al. [10] reported that the original grains of unirradiated C-276 alloy ranged between 20 µm and 50 µm. In the present study, both the bright-field contrast image and SAED revealed that original grains crashed into sub-grains after high dose irradiation, and the sizes decreased from several tens of micrometers to several tens of nanometers. Therefore, the grains in C-276 lost their structural integrity at doses higher than 82.5 dpa. According to the HallPetch rule [17, 18] that the hardness of polycrystalline materials increases with the inverse square root of the grain size, the decrease of grain sizes in C-276 due to grain fragmentation would lead to increased hardness, which means that C-276 would be significantly hardened at the dose of 82.5 dpa. Fig. 3 shows the GIXRD patterns of the nickel-base alloy C-276 under an irradiation dose of 0 dpa and 82.5 dpa. It is obvious that the width of the diffraction peaks broadened after 82.5 dpa irradiation. It was reasonably assumed that this broadening arose from the crystalline grain size refining and internal stresses. Diffraction theory predicts that grain size broadening varies with the angle as sec θ while internal strain broadening as tan θ [19] . The mean grain size in the specimen irradiated to 82.5 dpa could be estimated from the full width at half maximum (FWHM) of the X-ray diffraction lines using the Scherrer formula and Williamson formula. The FWHM of all the (hkl) peaks in the unirradiated specimen and specimen irradiated to a dose of 82.5 dpa are summarized in Table 2 . Using the values of FWHMs of diffraction peaks of the unirradiated specimen as instrumental FWHM values, the inherent FWHM of a peak for the specimen irradiated to 82.5 dpa is calculated from the equation:
GIXRD analyses
where FWHM (2θ) | 82.5dpa is the FWHM of the specimen irradiated to 82.5 dpa, FWHM (2θ) | unirradiated is the FWHM of the unirradiated specimen and θ is the Bragg's angle. The diffraction broadening β 1 (2θ) arising from the size of crystalline could be calculated using the Scherrer equation [20∼22] :
where D is the grain size and λ is the wavelength of the X-ray (λ=0.154056 nm). The other diffraction broadening β 2 (2θ) arising from the internal stresses could be obtained by the Williamson formula [21] :
where ε is the lattice strain. The diffraction peaks of GIXRD resemble the graph of the Cauchy function, thus the total diffraction broadening β(2θ) is [20] :
By setting X = 2 sin θ/λ and Y = β(2θ) cos θ/λ, and substituting them into Eqs. (2) and (3), we could obtain Eq. (5) from Eq. (4)
In Eq. (5), X and Y could be calculated from related values of five diffraction peaks. A X-Y straight-line graph is shown in Fig. 4 , and Y is plotted against 2X. Using a linear extrapolation to this plot, the intercept gives the particle size of D = 40 mm and the gradient gives the average micro-strain of ε = 0.696%. The obtained mean grain size is in good accordance with the TEM results. 
The analyses of grain fragmentation mechanism
At a large irradiation dose, the density of dislocations increased, and the dislocations would move along with the glide plane. The dislocations moving in different glide planes would meet, tangle and form the dislocation cell [20] . As the primary mechanism of plastic deformation is dislocation glide and face-centered cubic C-276 alloy has 12 glide planes, the plastic deformation of the irradiated region in C-276 would increase. With the plastic deformation continuing to increase, the number of dislocation cells increased while their size decreased, ultimately resulting in grain fragmentation.
AFM analyses
Changes in surface morphology of the nickel-base alloy C-276 induced by Ar ions irradiation were analyzed by AFM. The images shown in Fig. 5 (a)∼(d) were taken from the surface of the unirradiated specimen and specimens irradiated to 2.75 dpa, 27.5 dpa and 82.5 dpa. The surface roughness decreased from 4.81 nm for the unirradiated specimen to 3.88 nm for the specimen irradiated to 2.75 dpa, which suggests that the surface of the specimen could be polished at a low implantation dose (Fig. 5(b) ). With the dose increasing to 27.5 dpa and 82.5 dpa, nanometer-sized hillocks formed at the specimen surface (Fig. 5(c) and (d) ), and the roughness increased to 5.16 nm and 6.33 nm, respectively. Thus, the surface roughness would increase with the irradiation dose rising to a high level (Fig. 6) . The formation of nanometer-sized hillocks and increase of surface roughness could be attributed to grain fragmentation caused by high ion irradiation as observed by TEM and GIXRD. 
Conclusion
In the present study, microstructural changes of the nickel-base alloy C-276 under ion irradiation were investigated. High density of interstitial type dislocation loops appeared at a dose level of around 2.75 dpa. With the irradiation dose increased to 27.5 dpa, the density of the dislocation loops decreased, but the average size of the loops increased. With the irradiation dose increasing to as high as 82.5 dpa, TEM, GIXRD and AFM observation revealed that the original grains fragmented into subgrains with the size of about 40 nm. The appearance of high density and large size dislocation loops and grain fragmentation caused by irradiation would lead to apparent hardening of the material when used in an irradiation environment.
